Hyoliths are abundant and globally distributed 'shelly' fossils that appear early in the Cambrian period and can be found throughout the 280 million year span of Palaeozoic strata 1,2 . The ecological and evolutionary importance of this group has remained unresolved, largely because of their poorly constrained soft anatomy and idiosyncratic scleritome, which comprises an operculum, a conical shell and, in some taxa, a pair of lateral spines (helens) [3] [4] [5] . Since their first description over 175 years ago, hyoliths have most often been regarded as incertae sedis . Exceptionally preserved soft tissues include an extendable, gullwing-shaped, tentacle-bearing organ surrounding a central mouth, which we interpret as a lophophore, and a U-shaped digestive tract ending in a dorsolateral anus. Together with opposing bilateral sclerites and a deep ventral visceral cavity, these features indicate an affinity with the lophophorates (brachiopods, phoronids and tommotiids), substantially increasing the morphological disparity of this prominent group.
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The radiation of biomineralized skeletons ranks among the most notable and conspicuous records of the Cambrian explosion. Fossils of shelly elements track the evolution of animal body plans, but many have proven difficult to interpret from a biological perspective 6 . Among these are the hyoliths, which are particularly widespread and diverse in early Palaeozoic sediments. Orthothecid hyoliths possess a conical shell (previously referred to as a 'conch') and a caplike operculum, each of which were putatively aragonitic and grew by basal-marginal accretion 1 . Hyolithid hyoliths are additionally characterized by a pair of logarithmically curving lateral spines (helens) and a non-planar operculum with a more extensive array of internally directed processes and muscle scars 13, 14 . Hyoliths have generally been considered to be close relatives of molluscs owing to the presence of a bulb-shaped larval 'protoconch' 15 and purported mineralogical and microstructural similarities between their shells 7 , although recent studies have questioned both the validity and the importance of these observations 1, 16 . Beyond this, the peculiar hyolith scleritome affords few opportunities for comparison with extant organisms. The only abundant evidence of non-mineralized anatomy comes from putative muscle scars, but these do little to constrain the affinities of hyoliths 11, 14 . Rarer traces of U-shaped guts 3-5 are also phylogenetically uninformative owing to their widespread occurrence among lophotrochozoans 17 .
Here we reanalyse the systematic affinity of the hyolithid Haplophrentis based on over 1,500 specimens, 254 of which have preserved soft tissues (Supplementary Discussion and Supplementary  Tables 1, 2 Figs 1-4) . The lateral regions of the band may curve slightly posteriad or anteriad. The flared basal portion of each tentacle is followed by a longer, gently tapering section, which can be up to half the length of the operculum and is about 7% as wide as it is long. Two shorter medial tentacles attach proximally around a centrally located mouth. We interpret this tentaculate band as a lophophore.
The lophophore connects to a wide, medially situated structure that expands anteriorly from a narrow central tube with the mouth at the distal end. We interpret this tube as a pharynx with muscular walls. Variations in the length and width of this pharyngeal organ indicate that it, along with the attached lophophore, was protrusible. In some specimens, the pharyngeal organ is less than half the length of the operculum, and the distally attached tentacles are almost entirely concealed beneath the operculum (Fig. 2a, b and Extended Data A symmetrical pair of large grey structures flanks the gut, along the functional dorsum of the conical shell, terminating near the posterior margin of the operculum ( Fig. 1 and Extended Data Figs 2c, 3b, 5a, 6a-c, 7b). In this part of the body, each structure is nearly half the width of the operculum. The structures taper apically and, decay notwithstanding, extend as far as the loop of the gut. The biological identity of these visceral organs remains unclear.
A thin and deformable layer, possibly the body wall, circumscribes the inside of the conical shell. It stops short of the apex of the conical shell, apparently leaving the apical region unoccupied (Extended Data  Figs 1c, 6c) .
The helens emerge at a slight downward angle from a lateral notch at the commissure of the conical shell and operculum, growing as LETTER RESEARCH open logarithmic spirals that twist helically along their length and point either forwards or backwards 10, 11, 14, 20 (Extended Data Fig. 7 ). Brachiopods are attached to the helens of four specimens that have tightly articulated skeletons and preserved soft tissues, providing strong evidence that these associations occurred when the organisms were alive (Extended Data Fig. 8 ). As such, the helens could not have been submerged below the sediment-water interface, and 'retracted' helens that have been observed within conical shells 5 are probably an artefact of the fossilization process.
The lophophore of Haplophrentis resembles the characteristic tentacular feeding organs of several suspension-feeding taxa, particularly Entoprocta and Lophophorata (that is, Brachiopoda and Phoronida, possibly including Ectoprocta) 21 . This indicates that Haplophrentis was a benthic suspension feeder 3,9,12 rather than a deposit feeder 5, 22 . The downward-directed helens 10,14 may have been rotated to elevate the commissure from the sediment-water interface (Fig. 3 , Extended Data Fig. 7 and Supplementary Discussion), consistent with observations of encrusting organisms on both the dorsal and ventral surfaces of hyolithid conical shells 9 . The disposition of the mouth and anus at the anterior and posterior margins of the hyolithid commissure indicates that the operculum and conical shell were dorsoventrally opposed. By contrast, molluscs typically secrete dorsal skeletal elements (shells, opercula) 10 . As in brachiopods, the lophophore is contained in the mantle cavity formed by the dorsal and ventral bilateral shells 23 . Haplophrentis conspicuously lacks molluscan apomorphies 3 . Instead, the combination of observed characteristics decisively support an affinity with the lophophorates, and in particular, the brachiopods.
The simple arrangement of the tentacles in the Haplophrentis lophophore is notably similar to that in brachiopod larvae (Extended Data Figs 1d, 2e ), but distinct from the complex lophophore arrangements that characterize most adult brachiopods 23 . The Haplophrentis lophophore does not form the closed loop that is typical of crowngroup brachiopods 23 ; it instead diverges laterally in a manner that is similar to the early Cambrian brachiopod Heliomedusa orienta 24 . The partial attachment of the lophophore to the hyolithid operculum supports a homology with the dorsal (brachial) valve of brachiopods 23 , identifying the opposing conical shell as ventral, and thus potentially homologous with the brachiopod pedicle valve (Fig. 4) . Although opposing valves are common to both hyoliths and brachiopods, the deep extension of the hyolith visceral area into the conical shell differs markedly from the condition in most crown-group brachiopods, where the viscera are reduced to the space between the valves. This 
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arrangement is found in some fossil taxa, notably lingulellotretids, which are close to the linguliform members of the brachiopod crown group 25 ; Yuganotheca, which is thought to represent an intermediate between the phoronid and brachiopod body plans 26 ; and Lingulosacculus, whose phylogenetic position remains ambiguous 27 . Hyolith shell microstructure lacks an obvious equivalent amongst brachiopods, although shell-penetrating canals of similar size and preservation in both hyoliths 1 and obolellids (putatively basal calcareous brachiopods) 28 potentially support comparable skeletal secretion in these groups.
Although a position within the Lophophorata total group is well supported, the ultimate placement of hyoliths will depend on the sequence of character evolution in the brachiopod body plan. The dominant viewpoint suggests that brachiopods diverged from among the problematic tommotiids 29, 30 , implying that their ancestral ground-plan included a multi-element phosphatic scleritome. Working under this hypothesis, the conical shell, operculum and helens of hyolithids might be homologized with the sclerites of a Micrina-like tommotiid, resolving hyoliths (potentially including Lingulosacculus) in the brachiopod stem lineage (Fig. 4) . Yuganotheca, in which the lophophore is enclosed by unmineralized mantle lobes that protrude above a single ventral sclerite 26 , could then be interpreted as having undergone a secondary loss of mineralization. The ventrally extended viscera of these taxa conceivably characterize the ancestral form of crown group Brachiopoda, providing a link with the phoronid body plan 26 . Under this interpretation, the elongated visceral cavity of lingulellotretids 25 may have been retained from the ancestral brachiopod state, with the more restricted visceral area of modern brachiopods arising once in linguliforms and again in rhynchonelliforms.
This hypothesis must remain somewhat speculative and incomplete, not least because a detailed comparison of hyoliths and tommotiids is obstructed by differences in sclerite mineralogy and microstructure 1, 30 (Extended Data Figs 9, 10 and Supplementary Discussion). Similar issues confound attempts to interpret the evolution of morphologically distinct phosphatic-and calcitic-shelled brachiopod lineages 28 . The addition of purportedly aragonitic hyoliths to the lophophorate tree further complicates the evolution of biomineralization in this group. Even so, the recognition of hyoliths as members of this clade settles a longstanding palaeontological debate, and emphasizes the high level of disparity and ecological dominance achieved by lophophorates in marine communities throughout the Palaeozoic era.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. The inclusion of Ectoprocta within Lophophorata remains ambiguous 21 , hence they are omitted from this figure. 1, lophophore, U-shaped gut curving ventrally, multi-element phosphatic scleritome; 2, dorsal and ventral valves enclosing lophophore chamber; 3, putatively aragonitic sclerite mineralogy; 4, pedicle with coelomic cavity, lateral elongation of lophophore arms; and 5, calcitic shell mineralogy, extreme reduction of visceral area, loss of anus. Colour scheme of the diagrams: pink, visceral area; green, lophophore; purple, gut; blue, ventral valve; yellow, dorsal valve. Extinct taxa are marked by dagger symbols.
